Context and Objective: End-stage renal disease patients have a higher risk of thyroid disease compared with those without kidney disease. Although thyroid dysfunction is associated with higher death risk in the general population and those undergoing hemodialysis, little is known about the effect of thyroid disease upon mortality in patients treated with peritoneal dialysis (PD).
P
atients with chronic kidney disease (CKD), including those receiving hemodialysis, have a higher prevalence of thyroid disease compared with the general population (1) (2) (3) (4) (5) . Epidemiologic data have shown that hypothyroidism is progressively more common as kidney function worsens in several large population-based studies, affecting as many as 23% of patients with moderateto-advanced CKD (ie, stage 3 CKD or higher) (2, 4) . Recent data from a large dialysis provider has also shown a similarly high prevalence of hypothyroidism (ϳ22%) among a national cohort of hemodialysis patients (5) .
Although there has been comparatively less study of the peritoneal dialysis (PD) population, patients treated with PD may also be at heightened risk of thyroid functional disease via unique pathways (6) . For example, given that the vast majority (Ͼ99%) of thyroid hormone in the form of T 3 and T 4 is bound to carrier proteins such as T 4 -binding globulin, transthyretin, and serum albumin [molecular weights 54 kDa, 54 kDa, and 65 kDa, respectively (7)], PD patients may be susceptible to total body thyroid hormone depletion with substantial peritoneal effluent protein-hormone losses (8, 9) . Indeed, data from several small-sized PD cohorts suggest that ϳ15-25% and 4% of patients may have underlying hypo-and hyperthyroidism, respectively (10, 11) .
In the general population, hypothyroidism has been associated with adverse cardiovascular sequelae, including dyslipidemia, endothelial dysfunction, and accelerated atherosclerosis (12) (13) (14) (15) . Conversely, hyperthyroidism is a known risk factor for atrial fibrillation, congestive heart failure (CHF), and coronary ischemia, which are also common cardiovascular complications in CKD patients who have an exceedingly high death risk (13, 16 -18) . Although there has been considerable debate as to whether thyroid functional test abnormalities in CKD are a physiologic adaptation, marker of illness, or pathologic entity, an increasing body of data suggest that hypothyroidism, defined by serum TSH elevation, is associated with higher mortality risk in hemodialysis patients (3, 5, 19 ). There has not, however, been prior examination of the association between thyroid dysfunction, defined by TSH, with mortality in the PD population. Thus, to better inform the field, we conducted a study of the association between thyroid disease and all-cause mortality among a national cohort of PD patients who underwent repeated measures of TSH over time. We hypothesized that both hypothyroidism and hyperthyroidism were independently associated with higher death risk in this nationally representative PD cohort from a large U.S. dialysis organization.
Materials and Methods

Source cohort
We conducted an observational study using data from a large national dialysis organization in the United States with detailed patient-level information on sociodemographics, comorbidities, laboratory tests, and vital status (20, 21) . Our source population was a mixed incident and prevalent cohort of 7323 adult dialysis patients who solely received PD from one of the facilities operated by the dialysis provider over the period of January 1, 2007 to December 31, 2011. Patients were included provided that they underwent at least one TSH measure(s) any time during the study period. Patients were excluded from the study if they underwent treatment with a dialysis modality other than PD at any time during followup or they did not have a TSH measurement (n ϭ 5839). The study was approved by the Institutional Review Committees of the Los Angeles Biomedical Research Institute at Harbor-UCLA, University of California-Irvine Medical Center, and University of Washington.
Exposure ascertainment
The exposure of interest was thyroid status defined by TSH level. We sought to examine the association between time-dependent thyroid function and all-cause mortality in which thyroid status was time updated with repeated TSH measures in order 1) to ascertain the short-term association of thyroid function with death risk, and 2) to account for changes in thyroid function over time (22) . Using this approach, patients who were found to have a change in TSH testing immediately crossed over to the new exposure category, with the reasoning that change in thyroid function had occurred during the prior exposure period.
In primary analyses, we examined thyroid function using granular categories of TSH, defined according to the usual TSH ranges for these designations as overt-hyperthyroid range (Ͻ0.1 mIU/L), subclinical-hyperthyroid range (0.1-Ͻ0.5 mIU/L), lownormal (0.5-Ͻ3.0 mIU/L), high-normal (3.0 -Ͻ5.0 mIU/L), subclinical-hypothyroid range (5.0 -Ͻ10.0 mIU/L), and overt-hypothyroid range TSH levels (Ն10.0 mIU/L) (3, 5) . We also conducted secondary analyses in which we defined thyroid function according to thresholds used in the general population: hyperthyroidism, euthyroidism, and hypothyroidism (defined as TSH Ͻ0.5, 0.5-Ͻ5.0, and Ն5.0 mIU/L, respectively) (19) . In sensitivity analyses, to flexibly examine TSH as a continuous predictor of mortality, we conducted restricted cubic spline analyses with knots defined at the 33rd and 66th percentiles of observed TSH values (corresponding to TSH levels of 1.8 and 3.5 mIU/L, respectively). The median (interquartile range [IQR]) frequency of TSH measurements per patient was 3 (1-8) for the time-dependent analyses.
Among patients who underwent two or more TSH measurements, we conducted sensitivity analyses examining the association between change in TSH level (from the baseline [first] to second TSH measurement) with mortality based on the following thyroid function patterns: persistently high, increase in TSH, persistently normal, decline in TSH, and persistently low (Supplemental Figures 1 and 2 ).
Outcome ascertainment
The primary outcome of interest was all-cause mortality. Atrisk time began the day after the baseline quarter of TSH measurement. Patients were censored for kidney transplantation, press.endocrine.org/journal/jcemtransfer to a dialysis facility operated by another provider, or at the end of the study (December 31, 2011).
Laboratory data collection and peritoneal dialysis characteristics
Serum samples for laboratory testing were drawn within the outpatient dialysis clinics of the large dialysis organization using uniform techniques, and were transported to a single central laboratory in Deland, Florida typically within 24 hours of collection. All laboratory testing was conducted using automated and standardized methods. We also considered peritoneal equilibration test (PET) data, which included 1) the ratio of the dialysate to plasma creatinine (D/P Cr ratio) at the end of a 4-hour dwell (dichotomized as Ͻ0.65 vs Ն0.65, respectively), as well as 2) the ultrafiltration volume at the end of the 4-hour dwell, defined as "4-hour PET ultrafiltration volume ϭ 4-hour drain volume Ϫ 4-hour infusion volume" (23) .
Statistical analyses
We estimated the association between thyroid function and mortality using Cox proportional hazards models with three hierarchical levels of covariate adjustment. In time-dependent analyses, all laboratory data were examined as time-dependent covariates summarized over 91-day periods (ie, mean or median values over the quarter for each patient): 1) Minimally adjusted model: adjusted for patient's calendar quarter of entry into the cohort; 2) case mix-adjusted model: adjusted for covariates in the minimally adjusted model, as well as age, sex, race/ethnicity, and baseline diabetes status; and 3) expanded case mix ϩ laboratory test-adjusted model: adjusted for covariates in the casemix model, as well as vintage, cause of end-stage renal disease (ESRD), baseline comorbidities including CHF and atherosclerotic disease, serum albumin, serum bicarbonate, and residual kidney function (defined by 24-h urine urea clearance).
We a priori defined the case mix-adjusted model as our preferred model, which included core sociodemographic measures and other confounders of the association between thyroid function and mortality. To explore potential causal pathways that might mediate the association between hypothyroidism and mortality, we conducted sensitivity analyses in which we added covariate terms for potential pathway intermediates to the expanded case mix ϩ laboratory-adjusted model and observed for attenuation of effect estimates. These covariates included CHF, atherosclerotic disease, and residual kidney function (3, 14) . To determine whether the PD prescription and transport function characteristics may influence thyroid function-mortality associations, we additionally examined an expanded case mix ϩ laboratory ϩ PD characteristics model, which included covariates in the expanded case mix ϩ laboratory test model, as well as the use of automated PD during the baseline quarter and PET characteristics (D/P Cr ratio and 4-h PET ultrafiltration volume). Proportional hazards assumptions were checked by graphical and formal testing.
We conducted subgroup analyses of thyroid function (categorized as hyperthyroidism, euthyroidism, and hypothyroidism) across clinically relevant categories of sociodemographics, comorbidity status, PET characteristics, and laboratory measures. Missing data were handled using methods that included multiple imputation. There were no missing values for age, sex, diabetes, vintage, cause of ESRD, CHF, atherosclerotic heart disease, or automated PD status. The remaining covariates ascertained at baseline had less than or equal to 1% missing values, except for residual kidney function (14%), D/P Cr ratio (25%), and 4-hour PET ultrafiltration volume (30%). Analyses and Figures were generated using SAS version 9.4 (SAS Institute, Inc.), Stata version 13.1 (StataCorp), and SigmaPlot Version 12.5 (Systat Software).
Results
Study population
Among 1484 patients meeting eligibility criteria, we observed that 7% (n ϭ 104) had hyperthyroidism, 18% (n ϭ 270) had hypothyroidism, and 75% (n ϭ 1110) were euthyroid defined by baseline TSH levels. In the overall cohort, the mean Ϯ SD and median (IQR) of observed TSH levels were 5.0 Ϯ 14.2 and 2.5 (1.5-4.1) mIU/L, respectively. We compared baseline characteristics among patients who were included vs excluded on the basis of TSH measurement vs nonmeasurement, and we found that those who underwent TSH measurement were more likely to be older, female, and non-Hispanic white; were less likely to be non-Hispanic Black; were more likely to have underlying diabetes or atherosclerotic disease; were less likely to be receiving automated PD at study entry; and had a lower proportion of deaths (Supplemental Table 1 ). The causes of ESRD, prevalence of CHF, and laboratory characteristics were largely similar between the two groups.
Comparison of baseline characteristics among patients categorized by baseline TSH level is shown in Table 1 . Compared with patients in the lowest TSH category (Ͻ0.1 mIU/L), those in the highest TSH category (Ն10.0 mIU/L) were older and less likely to be non-Hispanic Black; were more likely to have diabetes and less likely to have hypertension as the cause of their ESRD; were more likely to have underlying diabetes; and were less likely to have CHF and atherosclerotic heart disease.
Time-dependent thyroid function and mortality
Patients contributed a total of 1953 years of follow up during which time 258 deaths occurred (crude death rate [95% confidence interval (CI)] 132 [117-149] deaths per 1000 person-years; Supplemental Table 2 ). Median (IQR) at-risk time was 1.0 (0.5-1.9) years. In our primary analyses, we observed a U-shaped association between timedependent TSH category and mortality, such that TSH levels Ͻ0.1 mIU/L and Ն5.0 mIU/L were associated with higher death risk in case-mix adjusted Cox models Table 2 ). With incremental adjustment for covariates in the expanded case mix ϩ laboratory and expanded case mix ϩ laboratory ϩ PD characteristics models, associations became stronger for TSH levels Ͻ0.1 mIU/L, whereas associations were attenuated but remained significant for TSH levels Ն10.0 mIU/L and were attenuated to the null for TSH 5.0 -Ͻ10.0 mIU/L.
In our secondary analyses, we observed that both hyperthyroidism and hypothyroidism were associated with higher mortality risk in case mix-adjusted Cox models (reference: euthyroidism): adjusted hazard ratios (95% confidence intervals) 1.69 (1.09 -2.62) and 2.08 (1.56 -2.78), respectively (Supplemental Figure 3 and Table 2 ). The hyperthyroidismmortality associations were magnified in the expanded casemix ϩ laboratory and expanded case-mix ϩ laboratory ϩ PD characteristics models, whereas there was a slight attenuation in the estimates for hypothyroidism and mortality.
In restricted cubic spline analyses of time-dependent TSH as a continuous predictor and mortality, we observed that TSH levels Ͼ6.0 mIU/L were monotonically associated with higher death risk, whereas levels ϳ1.5-3.0 mIU/L were associated with lower death risk, below which the survival benefit plateaued in case-mix analyses ( Figure 2B ).
Subgroup analyses
We also examined the association between thyroid function (defined as hyperthyroidism, euthyroidism, and hypothyroidism; reference: euthyroidism) across clinically relevant subgroups. In time-dependent analyses adjusted for case-mix covariates, interaction tests demon- press.endocrine.org/journal/jcemstrated that differences in estimates of the thyroid function-mortality association across subcategories were statistically significant for subgroups of age and peritoneal urea clearance (P-interaction ϭ 0.03 and 0.01, respectively; Figure 3 and Supplemental Table 3 ).
Change in thyroid function and mortality
Among a subcohort of patients (n ϭ 733) who underwent two or more TSH measurements, we also examined the association between change in TSH level from the baseline to second measurement with mortality (Supplemental Table 4 ). Patients with persistently high TSH levels (n ϭ 28) and persistently low TSH levels (n ϭ 97) each had a higher mortality risk compared with those with persistently normal TSH levels (n ϭ 430) in case mix-adjusted analyses. However, these associations were attenuated to the null in expanded case mix ϩ laboratory and expanded case mix ϩ laboratory ϩ PD characteristics models.
Discussion
In the largest study of thyroid function and mortality in PD patients to date, we observed a U-shaped association between time-dependent serum TSH levels and mortality risk independent of case-mix covariates. We found that lower TSH levels in the overt-hyperthyroid range were associated with a 2-fold higher mortality risk, and that higher TSH levels in the subclinical-hypothyroid and overt-hypothyroid range were associated with a 1.6-and 3-fold higher mortality, respectively. Several studies have shown that hypothyroidism, defined by serum TSH, is associated with higher mortality risk in hemodialysis patients (1, 3, 5) . In a study of 2715 hemodialysis and PD patients from two tertiary care centers in Boston, hypothyroidism ascertained at baseline was associated with a 35% higher mortality risk (3). In exploratory Minimally adjusted model adjusted for patient's calendar quarter of entry into the cohort. Case mix-adjusted model adjusted for covariates in the minimally adjusted model, as well as age, sex, race/ethnicity, and baseline diabetes status. Expanded case mix ϩ laboratory test-adjusted model adjusted for covariates in the case-mix model, as well as vintage, cause of ESRD, baseline comorbidities including CHF and atherosclerotic disease, serum albumin, serum bicarbonate, and residual kidney function. Expanded case mix ϩ laboratory ϩ PD characteristics model adjusted for covariates in the expanded case mix ϩ laboratory test model, as well as the use of automated PD during the baseline quarter and 4-hour peritoneal equilibrium test characteristics including 4-hour D/P Cr ratio and ultrafiltration volume.
analyses that adjusted for potential cardiovascular intermediates, dramatic attenuation of the associations to the null suggested cardiovascular pathways may mediate the association between hypothyroidism and mortality. Although a subsequent study of 1000 diabetic hemodialysis patients from the Die Deutsche Diabetes Dialyze Studie (4D Trial) showed that neither subclinical hypothyroidism assessed separately nor in conjunction with overt hypothyroidism was associated with cardiovascular events or mortality, the low prevalence (1.8%) of hypothyroidism in the cohort may have resulted in limited power (1) . More recently, among 8840 national hemodialysis patients from a large U.S. dialysis provider, time-dependent hypothyroidism was associated with higher mortality, and incrementally higher TSH levels were associated with an increasingly stronger death risk, including those in the high-normal, moderately high, and severely high range (Ͼ3.0 -5.0, Ͼ5.0 -10.0, and Ͼ10.0 mIU/L, respectively): 1.42-, 1.67-, and 2.21-fold higher death risks, respectively, compared with low-normal levels (5). It has been suggested that hemodialysis and PD patients are akin to non-CKD populations with high cardiovascular risk, who may have heightened susceptibility to thyroidrelated perturbations (14) . Indeed, Third National Health and Nutrition Examination Survey data have shown that hypothyroidism (TSH Ͼ4.5 mIU/L), as well as TSH levels in the subclinical-hypothyroid range (Ͼ4.5-10.0 mIU/L) were associated with higher mortality in participants with CHF, but not in those without (24) .
To our knowledge, ours is the first study to examine hypothyroidism defined by longitudinal TSH measurements and mortality in a national cohort of dialysis patients exclusively receiving PD. Although three small studies have shown that low T 3 and/or T 4 levels are associated with higher mortality in PD patients, inference from these studies is limited by their 1) exclusion of patients with known thyroid functional disease (25) or biochemical evidence of overt hypothyroidism or hyperthyroidism (25) (26) (27) , or 2) reliance upon thyroid functional metrics confounded by mortality determinants (ie, T 3 levels are influenced by malnutrition, inflammation, and uremia) (28 -30) or that have impaired performance in advanced CKD (ie, in low protein states or conditions where circulating substances such as uremic toxins impair hormone-protein binding, routinely-used free T 4 assays may result in spurious levels) (8) . Although some TSH alterations may be observed in uremia (31, 32) , it is the most sensitive and specific metric of thyroid function given its negative logarithmic association with T 3 /T 4 (14) .
This study also adds new knowledge by demonstrating that hyperthyroidism is associated with higher death risk in PD patients for the first time. A secondary analysis of the 4D Trial has shown that, compared with euthyroidism, subclinical hyperthyroidism ascertained at a single point in time was associated with higher risk of sudden cardiac death in diabetic hemodialysis patients (1) . When follow-up time was parsed into short-vs longer-term intervals, higher mortality risk was only observed over shortterm followup (although marginally nonsignificant); the abrogation of associations over longer-term follow up may have been due to change in thyroid function over time press.endocrine.org/journal/jcem(ie, baseline thyroid function may not reflect thyroid functional status 2-4 y later). When we broadly defined hyperthyroidism as TSH Ͻ0.5 mIU/L using repeated measures of thyroid function, hyperthyroidism was associated with higher mortality. However, when we examined finer gradations of TSH, we observed a potent association between TSH levels in the overt-hyperthyroid range and mortality, whereas the association between TSH levels in the subclinical-hyperthyroid range were attenuated to the null, which may have been due to lack of biological effect or limited power of the subclinical-hyperthyroid range category. Although a growing body of evidence suggests that thyroid hormone deficiency is linked with higher mortality in dialysis patients due to alterations in cardiovascular pathways, little is known about the mechanisms underlying thyroid hormone excess and death in kidney disease (33) (34) (35) (36) (37) . In the general population, hyperthyroidism even in the subclinical range has been associated with conditions that are common and fatal in dialysis patients, including atrial fibrillation, coronary ischemia, CHF, and fracture risk (13, 17, 18, 38) . Given that T 3 replacement in dialysis patients with low T 3 levels may result in protein degradation, thyroid hormone excess could lead to protein-energy wasting, a potent mortality predictor in this population (39, 40 ) . Strengths of our study include its examination of a large cohort of PD patients whose mortality profile is representative of the greater U.S. population (crude death rates 132 vs 134 deaths per 1000 person-years, respectively) (41), as well as comprehensive availability of patient-level data on sociodemographics, comorbidities, and longitudinal laboratory data collected in the outpatient setting and uniformly measured in a single laboratory. Several limitations of our study bear acknowledgment. First, inclusion in the study required that patients have one or more TSH measurements. Comparison of baseline characteristics among patients included vs excluded on the basis of TSH measurement suggests that our study population had less favorable sociodemographics and comorbidity characteristics, which may affect the study's generalizability. However, although the indications for TSH testing in this study cohort are unknown, this requirement applied equally to patients irrespective of thyroid function and should not impair the study's internal validity. Second, given the sparsity of free T 4 measurements and their unclear accuracy in kidney disease (8), we stratified patients according to TSH ranges that typically reflect the spectrum of overt to subclinical thyroid disease (19) . Although it remains uncertain as to whether TSH changes alone in kidney disease reflect true alterations in thyroid function (42) , evidence has increasingly shown adverse outcomes in CKD patients with moderately abnormal TSH levels (3, 5, 14) . Third, our dataset lacked information on most outpatient pharmacotherapies, preventing examination of thyroid hormone replacement or suppressive therapy, nor other medications that may influence thyroid function. Lastly, given our study's observational design, we cannot exclude the possibility of residual confounding.
In conclusion, our study found that both hypothyroidism and hyperthyroidism were independently associated with higher mortality in a national PD cohort, consistent with data in the hemodialysis population. Given the high prevalence of thyroid functional disease and exceedingly high mortality of the dialysis population, additional studies are needed to determine the underlying mechanisms by which thyroid functional disease affects mortality, whether thyroid hormone modulating therapies ameliorate mortality risk, and the precise TSH targets associated with improved outcomes in the dialysis population.
